The nematode Caenorhabditis elegans is a model organism best known for its powerful genetics.
Introduction
Caenorhabditis elegans is a free-living, soil nematode that is used extensively as a model organism to address fundamental questions in biology [1] . Adult hermaphrodites measure ∼100 × 1500 μm in length [2] and are comprised of 959 somatic cells [1] . The body plan of C. elegans is organized into a primitive nervous system, a gut connected anteriorly to a pharynx and posteriorly to an anus, a surrounding epithelium comprised of syncytial hypodermal cells that secrete a protective cuticle, several circumferential body wall muscles
Materials & Methods

C. elegans Growth & Maintenance
The following C. elegans strains were employed: N2 (Bristol); CB1370 [daf-2(e1 370)III], PD4251 [ccIs4251[pSAK2(P myo-3 ∷ NLS GFP-LacZ) + pSAK4(P myo-3 ∷ MITO GFP) + dpy-20(wt)]I; dpy-20(e1282ts)IV], and SD1241 [gaIs153[pPRSK29(F25B3.3:FLAG∷PAB-1); TG96(sur-5∷GFP)]. Strains were maintained at 20°C on NGM agar plates seeded with E. coli (OP50), as described [1] . Synchronous worm cultures were obtained by allowing gravid adults to lay eggs onto NGM/OP50 plates for 2-6 hours. Eggs were then collected in S-basal (100 mM NaCl, 50 mM KH 2 PO 4 , pH 6.0), counted using a dissecting microscope, then seeded onto BNGM agar plates (NGM + an additional 7.5 g peptone per liter) at a density of 2500 eggs/plate (7500 eggs/plate were used for polysomal profiling). Dauer larvae were generated using temperature-sensitive daf-2(e1370) mutants, as described [14] . Briefly, synchronized eggs (2500/plate) were allowed to hatch on NGM/OP50 plates at 20°C (∼18 hours). Plates were then sealed with parafilm and placed at 25°C for 2 weeks to allow dauer formation.
Balch homogenizer
Construction of the original Balch Homogenizer has been described [8] . The model we used was purchased from Isobiotec (Heidelberg, Germany), and is described under the German patent #202 09 547.9. We tested tungsten carbide ball bearings ranging in size from 7.982 mm to 7.999 mm, corresponding to wall-to-ball bearing clearances of 18 μm down to 1 μm. Pictures of the instrument and its assembly are presented in Figure 1 .
Worm Homogenization & Protein Extraction Protocols
For each of the following procedures, animals of the relevant stage (30,000 per sample) were collected and washed in ice-cold S-basal, concentrated by centrifugation (1500 rpm, 2 min), washed six times with ice-cold S-basal to remove residual bacteria, then stored on ice until ready for use. For protein extraction studies, gravid-adult worms were allowed to form a compact pellet after the last S-basal wash. Worm pellets were then resuspended in 1 ml of ice-cold Extraction Buffer [20 mM potassium phosphate, pH 7.4, 2mM EDTA, 1% Triton-X-100, protease inhibitors (Sigma P2714)] and processed immediately.
(i) Balch Homogenization-For studies monitoring worm breakage, worm pellets (30,000 worms for each larval stage) were resuspended in 2 ml ice-cold S-basal, then transferred to a 2 ml glass syringe fitted with a metal luer lock (ICO Interchangeable -this item has been discontinued but a similar item is obtainable from Sigma -Z314528. We have also used disposable plastic syringes without concern). Animals were passed though the Balch Homogenizer for a defined number of times. Worm breakage was monitored using a dissecting microscope. For extraction of protein, gravid-adult worms were resuspended in 1 ml of cold Extraction Buffer then homogenized using a 16 μm ball clearance and 25 passes. The homogenate was kept on ice for 30 minutes, then centrifuged at 16,470 × g for 15 minutes (4°C). The supernatant was retained (referred to as 'supernatant') and the pellet was resuspended in 100 μl of 5% SDS, boiled for 5 minutes, then re-centrifuged. The resulting supernatant was retained (referred to as 'pellet'). An identical procedure was employed for L1 larvae except worms were homogenized using a 4 μm ball clearance and 14 passes.
(ii) Sonication-∼30,000 gravid-adult worms (corresponding to ∼100 mg wet weight), were sonicated on ice using a VirSonic 60 sonicator with microtip probe (VirTis, Gardiner, NY), for three minutes at 4 W power, in 1 ml of ice-cold Extraction Buffer. The homogenate resulting from this method (and likewise in the following two protein extraction methods), was processed exactly as described for the Balch Homogenizer, resulting in 'supernatant' and 'pellet' fractions.
(iii) Dounce Homogenization-Gravid-adult worms (∼30,000) were resuspended in 1 ml of cold Extraction Buffer and homogenized on ice using 25 stokes of a 15 ml Duall® 21, Dounce Homogenizer (Kontes Glass Co.).
(iv) Boiling-1 ml of boiling extraction buffer was added to gravid-adult worm pellets (∼30,000 worms) and further boiled for 5 minutes. Samples were vortex-mixed for 5 seconds, every minute.
Protein quantification
The amount of protein in each homogenization extract was quantified using the bicinchoninic acid (BCA) method (Thermo Fisher Scientific, Rockford, IL).
Western Analysis
Protein extracts (25 μg) were separated by 10% SDS-PAGE, transferred to PVDF membranes, blocked with 5% non-fat milk in PBS containing 0.1% Tween-20 (1 hr), then analyzed for pyruvate dehydrogenase (PDH) E1α subunit integrity using a mouse anti-PDH E1α antibody (cat# MSP07, Mito Sciences, 1:2000). This antibody cross-reacts with the worm protein. Bands were visualized using a HRP-conjugated donkey anti-mouse IgG secondary antibody (cat# 2314, Santa Cruz, 1:10,000) in conjunction with Amersham ECL plus reagent (cat# RPN 2132, GE Healthcare, Piscataway, NJ).
Enzymatic Assays
(i) Catalase Activity-The catalatic activity (H 2 O 2 consumption) of catalase in wholeworm extracts was measured spectrophotometrically by following the loss of exogenously added H 2 O 2 , using an adaptation of a procedure described by Aebi [15] for human tissue. Briefly, extracts from adult wild type (N2) worms (30,000 per sample), were prepared in 1ml of ice-cold Extraction Buffer using each of the four homogenization procedures described above. After removal of insoluble material by centrifugation (16,470 × g, 15 minutes, 4°C), catalatic activity was measured by adding 30 μl of extract to 1 ml (final volume) of Assay Buffer (50mM potassium phosphate, pH 7.0, 25°C) containing 8.2 mM H 2 O 2 (Sigma, H3410). Loss of H 2 O 2 was monitored spectrophotometrically (A 240nm ) for three minutes (Spectra Max, NY, USA). All experiments were independently replicated. Catalatic activity is expressed as a first-order rate constant normalized to extract protein amount (sec −1 . mg −1 ).
(ii) Dihydrolipoamide Dehydrogenase (DLD) Activity-DLD activity in whole worm extracts was monitored spectrophotometrically following the addition of dihydrolipoamide and NAD + . Briefly, dihydrolipoamide was synthesized in-house via NaBH 4 reduction of D,L-lipoamide [16; 17] . Whole-worm extracts from 30,000 adult worms (per sample) were prepared in 1 ml of Extraction Buffer supplemented with 2mM EGTA, using each of the four extraction techniques described above. One unit (U) of DLD activity is defined as the rate of production of 1 μmol of NADH in 1 minute at 25°C. NADH production was followed spectrophotometrically at A 340nm . Assays were performed in triplicate using 250 μL aliquots per reaction. All experiments were replicated and are expressed in U per mg of protein extract.
Purification of gDNA from egg nuclei
Isolation of nuclei from N2 and PD4251 eggs was carried out using an adaptation of a procedure described by Dixon et al (19) with the following modifications. One-day-old gravid adults (40,000) were allowed to lay ∼500,000 eggs on NGM agar plates, over two consecutive 4 hour intervals (20°C). Cuticle synthesis in embryonic larvae begins at ∼10 hrs post-fertilization. Embryonic cell number reaches a maximum at ∼ 5 hrs post-fertilization (eggs are laid ∼4 hours after fertilization [1] ). Eggs were collected off plates using S-Basal, then freed of bacteria and debris on a 50% sucrose cushion (2000 × g for 3 minutes at 4°C) as described [18] . Egg pellicles were pooled, diluted with cold S-Basal and centrifuged at 12,000 × g for 1 minute. Egg pellets were then snap frozen in liquid nitrogen and either stored at −80C or thawed and processed immediately (a freeze-thaw cycle substantially increases the genomic DNA (gDNA) yield and quality -see Results and Figure 5A and B). Thawed eggs were resuspended in buffer A [1M sucrose, 100 mM Tris HCl (pH 8),100 mM MgCl 2 100 mM EGTA, 100 mM PMSF and 100 mM β-mercaptoethanol] then homogenized on ice using the Balch homogenizer (10μm clearance, 20 passes). The resulting homogenate was centrifuged at 4000 × g (5 minutes), and the gDNA-containing pellet was re-suspended in buffer A containing 0.25 % NP-40 and 0.1% Triton -X-100. The homogenate was centrifuged at 50×g for 5 minutes, then the gDNA-containing supernatant set aside and the pellet was re-extracted twice with buffer A containing detergents (0.25% NP40 and 0.1% Triton-X-100). The three supernatant fractions were pooled, centrifuged at 4000 × g for 5 minutes and the gDNA-containing pellet retained. The pellet was subsequently washed once in buffer A without PMSF, pelleted again at 4000 ×g for 5 minutes, then finally resuspended in nuclease free water. gDNA was then purified using a Gentra Puregene Tissue Kit (Qiagen, cat. # 158622). The manufacturer would not provide details on the composition of the isolation buffers, however the methodology uses a proprietary anionic detergent, proteinase K and RNase A to disrupt cells, digest proteins and remove RNA, respectively. Finally, the resulting gDNA was ethanol precipitated.
RNA Extraction
Two methods were employed to isolate RNA from C. elegans. In both procedures, use of the Balch Homogenizer (4°C) to homogenize worms preceded the addition of either chaotrope or denaturant. The instrument was pre-rinsed in RNase-free water before use.
(i) Guanididium Isothiocyanate Method-20,000 L4 N2 larvae were homogenized in 1 ml S-Basal using the Balch Homogenizer (14 μm clearance, 20 passes). Homogenates were centrifuged at 13,000 rpm (16,470g) at 4°C for 2 minutes then the cleared supernatant was processed for RNA using a Nucleospin RNA Isolation kit (cat# 740-933-50, Clontech, CA).
(ii) Phenol-based Extraction Procedure-50,000 N2 adult worms were homogenized in 1ml S-Basal using the Balch homogenizer (14 mm clearance, 20 passes). 2ml TRIZOL® Reagent (Gibco cat# 15596-018) was then added to the homogenate and the RNA was extracted following the manufacturer's protocol.
For both procedures, RNA concentration and purity was determined using a Nanodrop Spectrophotometer (Thermo Scientific) and RNA integrity was confirmed by gel electrophoresis.
Quantitative Reverse Transcription-PCR (qRT-PCR)
qRT-PCR was used to assess mRNA quality. cDNA was generated from 2 μg purified RNA using a Vilo cDNA Synthesis Kit (Invitrogen). qRT-PCR was performed using an ABI 7900HT (Applied Biosystems) and reaction mixtures contained 1:50 diluted cDNA, 2 μM each forward and reverse primer, 10 μl 2×SYBR Green PCR Master Mix (Applied Biosystems) in a final reaction volume of 20 μl. cDNA targets were amplified using 40 PCR cycles (95° C for 15 seconds and 60° C for 45 seconds). We tested several target genes including icd-1, pmp-3, csq-1, atp-3 and Y45F10D.4, as described [19; 20] . Primers were designed using PrimerQuest SM (Integrated DNA Technologies). For both qRT-PCR and Q-PCR (see next), all primer pairs were verified by agarose gel electrophoresis to amplify only a single product. Primer amplification efficiencies were determined prior to data collection.
Quantitative PCR (Q-PCR)
Contamination of gDNA preparations by mitochondrial DNA(mtDNA) and E. coli genomic DNA was measured by Q-PCR with an ABI 7900HT instrument (Applied Biosystems). Reaction mixtures contained gDNA template (15ng), 2μM each forward and reverse primer, 10 μl 2×SYBR Green PCR Master Mix (Applied Biosystems) in a final reaction volume of 20 μl. Targets were amplified using 40 PCR cycles (95° C for 15 seconds and 60°C for 45 seconds). Primer pairs were: C. elegans mtDNA -(Forward) 5′-
Immunofluorescence-Eggs were mounted for GFP immunofluorescence on 2% agarose pads as described previously [20] . Images were collected using an Axiovert 200M (Zeiss) inverted fluorescence microscope. Images were processed using ImageJ (1.41, NIH).
Preparation of Mitochondria-enriched Fractions
(i) C. elegans-∼100,000 synchronized N2 or PD4251 eggs were hatched on BNGM agar plates (2500 worms/plates) and allowed to develop into L3 larvae at 20 o C (∼28 hours). Animals were then collected and washed in S-Basal, pooled, transferred into a baffled flask containing S-basal (200 worms/ml) supplemented with 1×10 9 cfu/ml OP50 + 200ug/ml cholesterol, and allowed to complete development at 20°C with shaking (100 rpm). Growth of larval stages on solid media facilitated subsequent development into well-fed adults in liquid media. One-day-old adult worms (∼1g wet weight) were collected in a glass separatory funnel, then washed several times with S-basal. To separate bacteria, dead worms and debris, the washed worm pellet was suspended in 35% sucrose solution and centrifuged at 3000 rpm for 3 minutes. The upper, worm-containing layer was collected and washed three times with S-basal to remove residual sucrose. Worms were subsequently resuspended in ice-cold isolation buffer (10mM Tris-MOPS, 1mM EGTA-Tris, 0.2 M Sucrose pH7.4) and gently fractured on ice using the Balch homogenizer (18 μm clearance, 3 passes). The mitochondria-containing homogenate was centrifuged at 600 ×g for 10 minutes at 4°C (Avanti J-20 XP, Beckman Coulter). The supernatant was collected, centrifuged at 7,000×g for 10 minutes at 4°C, and the pellet retained. The pellet was washed with 5ml of isolation buffer then re-centrifuged at 7000 ×g for 10 minutes, 4°C. The crude mitochondriacontaining pellet was resuspended in isolation buffer and protein concentration quantified using the bicinchoninic acid (BCA) method (Thermo Fisher Scientific, Rockford, IL).
(ii) Mouse Liver-Mitochondria were isolated from 6 month old BALBc mice exactly as described by Frezza et al [21] .
Mitochondrial Bioenergetics
Mitochondrial oxygen consumption and mitochondrial membrane potential were measured using a Clarke-type oxygen electrode and a tetraphenyl phosphonium (TPP + )-selective electrode, respectively, (Hansatech Oxygraph System, Norfolk, England) exactly as described previously [21] . Briefly, mitochondria (250 μg for worms, and 500 μg for mouse liver) were resuspended in 0.5 ml Experimental Buffer (125 mM KCl, 10 mM Tris-MOPS, 10 μM EGTA, 1 mM potassium phosphate, pH 7.4) and both oxygen and [TPP + ] changes recorded immediately at 25°C, with stirring (60 rpm). All substrates and inhibitors were purchased from Sigma and prepared as described [21] . Final working concentrations were -Malate (2.5 mM)/Glutamate (5 mM); Succinate (5 mM); ADP (100μM); TMPD (300 μM)/ Ascorbat (6mM); Rotenone (2 μM); Oligomycin (0.32 nM), Antimycin A(0.25 μg/ml) FCCP (100 nM).
Polysomal Profiling
Polysomal fractions, containing ribosomes from cytosolic and endoplasmic reticulum-bound origin, were isolated from whole-worm samples using the Balch Homogenizer, in conjunction with sucrose density gradient centrifugation. Briefly, 78,000 two day-old gravid adult worms, or 6 million L1 larvae, were collected from BNGM agar plates and washed using cold S-Basal supplemented with 100 μg/ml cycloheximide. To each packed worm pellet (∼500 (μl) an equal volume of 2X Lysis Buffer (80 mM Tris-HCl (pH 8.0), 470 mM KCl, 16 mM MgCl 2 , 1.6 mM EGTA (pH 8.0), 0.32 mg/ml heparin, 0.32 mg/ml cycloheximide, 3.9 mM PMSF, 640 U/ml RNasin, 1.6% Triton X-100, 0.16% Na Sodium deoxycholate) was added and samples immediately homogenized on ice (16 μM clearance, 25 passes, for adults; 6 μM clearance, 25 passes for L1 larvae). Cuticular fragments were cleared by centrifugation (13, 200 rpm, 18 mins, 4°C). In the case of adult worms, a second centrifugation was necessary to remove residues of intestinal fat (13, 200 rpm, 10mins 4°C). 20-30 OD 260nm units of homogenate, in a final volume of 750 μl 1X Lysis Buffer, was loaded on top of a chilled 7% -47% continuous sucrose gradient, then tubes were centrifuged in a Beckman SW-41 Ti rotor (38,000 rpm, 2 hours, 4°C). Gradients were prepared beforehand using 5.5 ml each of 7% and 47% sucrose solutions (RT, 3 hours), according to the method of Abe & Davies [22] . At the end of gradient centrifugation 24 × 500 μl fractions were collected from the top of the gradient and immediately placed into 250 ul phenol/chloroform/isoamyl alcohol (25:24:1) containing 20 μl of 1% SDS. Following reextraction with chloroform (200 μl), total RNA from each fraction was isolated by ethanol precipitation, then analyzed by gel electrophoresis.
Results
Construction of the Balch Homogenizer is shown in Figure 1A . The instrument consists of a hollow metal chamber into which a ball bearing of defined diameter is inserted. Screw-held caps physically limit lateral movement of the bearing. Worms are disrupted by the shearing generated when they are sequentially forced around the ball bearing by two syringes. During homogenization, fluid entering the chamber is dispersed evenly over the surface of the bearing. This process ensures formation of a gap equal to one-half the difference in diameter between the chamber wall and the ball bearing. In the present study, we used ball bearings ranging in size from 7.999 mm down to 7.982 mm -generating clearances ranging from 1 to 18 μm. By varying the clearance inside the chamber we controllably fragmented or homogenized C. elegans of all stages, including dauer larvae (Table I and Figure 2 ). We found both re-useable, metal-reinforced glass syringes or disposable plastic syringes worked equally well for homogenization. Caution should of course be exercised when using either type of syringe since plunger resistance is inversely proportional to ball-bearing clearance, and directly proportional to worm density. During fractionations, we routinely maintained the Balch Homogenizer in contact with a large, ice-cooled metal plate in order to minimize temperature fluctuations ( Figure 1B) . In Table I we have provided a comprehensive analysis of the number of syringe passes required to disrupt each developmental stage of C. elegans with respect to various ball-bearing clearances. By selecting the appropriate combination of ball bearing and pass number, one can choose to fracture or homogenize worm samples of any stage.
Many biochemical procedures require isolation of large amounts of intact macromolecules in their native state. We tested the ability of the Balch Homogenizer to leave soluble proteins in their functional state. We also compared the performance of the Balch Homogenizer against three other protein extraction procedures -Boiling, Dounce Homogenization and Sonication (refer to Materials & Methods). We observed that the amount of protein retained in the soluble state after homogenization with the Balch Homogenizer was comparable to, or exceeded, that obtained using either Sonication or the Dounce Homogenizer (Fig. 3A) . Boiling drastically reduced the yield of soluble protein.
When we checked protein integrity, in this case by western analysis against the E1α subunit of mitochondrial pyruvate dehydrogenase, we observed that almost all protein remained intact following Balch Homogenization and Sonication. Dounce Homogenization resulted in marked E1 α degradation ( Figure 3B-D) . Activity measurements of the mitochondrial enzyme dihydrolipoamide dehydrogenase (DLD), as well as of the peroxisomal enzyme catalase, revealed similar findings -that the Balch Homogenizer either equaled the best performing alternate method (Sonication), or performed only slightly less better (Table II) . The ability of the Balch Homogenizer to extract soluble protein from worm samples was not limited to adult animals. Even larger amounts of protein could be obtained from L1 larval samples that were volume matched against adult worm samples (compare rows 1 and 3 of Table III ).
Sonication cannot be used to extract nucleic acids without significant structural damage. Isolation of mRNA from tissue extracts is often undertaken following the direct addition of phenol-based mixtures such as Trizol Reagent, or chaotropes such as sodium iodide or guanididium isothiocyanate. The metal construction of the Balch Homogenizer is not compatible with acidic or corrosive chemicals. We therefore tested the quality of mRNA prepared using Trizol and guanididium isothiocyanate added after disruption of worms by the Balch Homogenizer. Figure 4 reveals that even in the absence of either chemical during the homogenization procedure, it is possible to isolate high quality mRNA from worm samples. Our homogenization buffer lacked RNase inhibitors, illustrating that the rapid tissue disruption caused by the Balch Homogenizer, in conjunction with ice-cold temperatures, is sufficient to isolate quality RNA. The functionality of our purified mRNA was confirmed using RT-PCR, against multiple genetic loci (refer to Materials & Methods for details, data not shown).
We next tested the ability of the Balch Homogenizer to isolate intact genomic DNA (gDNA) from C. elegans. We were particularly interested in developing a phenol-free procedure for future measurement of 8-oxo-deoxyguanosine [23] . One peculiar finding that we have consistently observed with C. elegans is that gDNA prepared from whole-worm lysates in the absence of phenol contains an unidentified inhibitory molecule that prevents endonuclease restriction and efficient PCR amplification. We therefore spent significant effort establishing a procedure using the Balch Homogenizer, a proprietary DNA purification kit, and nuclei isolated from freeze-fractured eggs (Materials & Methods) to isolate high-quality gDNA that functioned even in sensitive qPCR assays ( Figure 5 ). gDNA isolated using this procedure contained ∼1% mtDNA, ∼0.3% E. coli genomic DNA, and was comprised of fragments in excess of 25 kbp ( Figure 5E & F) . We found that use of freeze-fractured nuclei greatly enhanced the purity of gDNA over that obtained when using fresh, whole eggs ( Figure 5D ). This phenomenon is most likely due to enhanced permeability of the nuclei to the non-ionic detergents used in the extraction procedure (see Figure A -C).
Next, we sought to determine if the Balch Homogenizer could be used as the starting point for isolation of sub-cellular organelles from C. elegans. As a proof of principle we performed a crude assay showing coupled mitochondria can be isolated from adult worms with as few as three strokes of the Balch Homogenizer (Materials & Methods). Mitochondrial isolation buffers differ depending on the type of tissue from which mitochondria are being isolated [21] . In the study shown in Figure 6A we fractionated worms in the presence of an isolation buffer typically employed for collection of mouse liver mitochondria ( Figure 6B ). Even in this sub-optimal buffer it is apparent that we have isolated coupled mitochondria. Oxygen consumption and reduction of TPP + concentration following addition of TMPD plus ascorbate illustrates cytochrome c is present and that the outer mitochondrial membrane is intact. Interestingly, complex I activity in the mitochondria isolated from worms is quickly lost under these assay conditions. It is probable that a protease is responsible for this effect, because only EGTA was present in our sample buffer.
Finally, we tested whether the Balch Homogenizer could be used to isolate polysome-bound mRNA from crude adult or L1 larval extracts (Materials & Methods). Cycloheximide inhibits the translocation step of ribosome elongation [24] . Ribosomes effectively become clamped to their host mRNA. This effect is restricted to eucaryotic ribosomes [25] . When whole-worm extracts were prepared using the Balch Homogenizer in the presence of cycloheximide, then separated on a continuous sucrose density gradient [26; 27] , intact polysomes could be easily isolated from both stages (Figure 7 , and data not shown).
Discussion
Although C. elegans has proven to be an exceptionally powerful tool for genetic analyses, its use in biochemical studies has been hindered by the inability to efficiently and rapidly break its resilient outer cuticle in a gentle, temperature-controlled manner. Several techniques have been described to 'crack' worms, but each suffers from one or more limitations. Pressure Cycling Technology (PCT) uses expensive equipment to expose samples to multiple rounds of combined freezing, mechanical shearing and elevated hydrostatic pressure (40 cycles 35,000 psi) [6; 28] . Complete disruption of all worm stages, including dauers, can be accomplished using this procedure but it requires mixing of animals with a SiC abrasive [29] . High pressure alone disrupted fewer than 15% of worms [6] .
Another way to homogenize worms is by the 'bead beating method' [30] . In this procedure microscopic glass beads are used to mechanically disrupt the cuticle. While cheap and fast, a drawback of this method is that protein recovery is variable. Also, proteins are prone to denaturation as samples heat up, leading to protein aggregation and gradual precipitation of normally-soluble proteins [6] . A variation of this procedure is employed in the Precellys (Bertin) range of instruments [31; 32] . Worm samples are homogenized by a single ball bearing vortexed in a figure eight motion. Cooling is possible in this system, but requires additional equipment, including a source of liquid nitrogen or dry ice. Sample volumes are also restricted in this system. Grinding worms after flash cooling is yet another technique to crack C. elegans [33] . In this procedure worm samples are snap frozen with liquid nitrogen and then ground to a powder with a mortar and pestle. Although, cheap, rapid and efficient, small sample volumes are impractical to grind and are potentially easily lost. Sonication and Dounce Homogenization have also been used to break C. elegans. Sonication of small volumes on ice is an effective method to isolate functional protein extracts, as shown in this study, but this technique cannot be used to isolate intact nucleic acids. Great care also has to be taken to avoid overheating samples. Dounce homogenization led to unacceptable protein instability in our hands.
Here we have shown that the Balch Homogenizer can be used to disrupt C. elegans of any stage, including dauers. The instrument is gentle enough to allow recovery of functional proteins, RT-PCR quality mRNA, contaminant-free gDNA, as well as coupled mitochondria and intact polysomes. Worms can be fragmented or homogenized, simply by altering the number of syringe passes and ball bearing clearance inside the chamber. It is re-useable, safe, reproducible and sample size is only limited by the syringe volume. Relative to other pieces of laboratory equipment, the Balch Homogenizer is affordable (US $2,000). Novel application of the Balch Homogenizer to C. elegans research now opens the way for a number of studies that in the past have been difficult, if not impossible, to perform. This simple tool is set to become a standard piece of equipment in every worm laboratory. passes. In all cases >90% of animals were disrupted. Scale bar: 500 μm. (A) Adult, wild type worms were gently sheared using the Balch homogenizer (18 μm clearance, 3 passes) and then a mitochondria-enriched fraction isolated. Mitochondrial bioenergetics were assessed using a Hansatech oxygen electrode in conjunction with a tetraphenylphosphonium (TPP + )-selective electrode. (B) Functional mitochondria were also isolated from mouse liver following established procedures (Frezza et al [21] ). Data in both panels have been normalized to 500 μg protein (1μg/μl). Arrows mark points of substrate or inhibitor addition: mitochondria (Mito.); malate/glutamate (M/G); adenosine diphosphate (ADP); rotenone (Rot.); antimycin A (Ant A); tetramethyl phenylene diamine in conjunction with ascorbate (TMPD + Asc); oligomycin (Oligo) and p-trifluoromethoxy carbonyl cyanide phenyl hydrozone (FCCP). Polysomal Profiling using the Balch Homogenizer. A whole-cell extract from adult worms was prepared using the Balch Homogenizer (16 μm clearance, 25 passes). Samples were fractionated into polysomes using continuous density gradient centrifugation (7% -47% sucrose). Total RNA was extracted from each fraction then separated on a 1% agarose gel. Fraction number is shown under lanes (labeled from least to most dense). Identity of various RNA species is marked on right; corresponding ribosomal species are marked at the top of each panel [34] . Size marker (M): HindIII-restricted λ DNA. 
